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Essentials
Dabigatran etexilate may provide a new treatment option for pediatric venous thromboembolism. Children aged 1 to < 12 years were given dabigatran etexilate in an open-label, single-arm study. The pharmacokinetic-pharmacodynamic relationship was similar to that seen in adult patients. There were no serious adverse events, bleeding events or recurrent venous thromboembolism.
Summary. Background:
The current standard-of-care treatments for pediatric venous thromboembolism (VTE) have limitations. Dabigatran etexilate (DE), a direct thrombin inhibitor, may offer an alternative therapeutic option. Objectives: To assess the pharmacokinetics, pharmacodynamics, safety, and tolerability of a DE oral liquid formulation (OLF) in pediatric patients with VTE. Patients/Methods: Patients who had completed planned treatment with low molecular weight heparin or oral anticoagulants for VTE were enrolled in two age groups (2 to < 12 years and 1 to < 2 years), and received a DE OLF based on an age-adjusted and weight-adjusted nomogram. Originally, patients were to receive a DE OLF twice daily for 3 days, but the protocol was amended to a single dose on day 1. The primary endpoints were pharmacokinetics/pharmacodynamics-related: plasma concentrations of DE and its metabolites; activated partial thromboplastin time (APTT), ecarin clotting time (ECT), and dilute thrombin time (dTT); and pharmacokinetic (PK)-pharmacodynamic (PD) correlation. Safety endpoints included incidence rates of bleeding events and all other adverse events (AEs). Results: Eighteen patients entered the study and received the DE OLF (an exposure equivalent to a dose of 150 mg twice daily in adults). The projected steady-state dabigatran trough concentrations were largely comparable between pediatric patients and adults. The PK/PD relationship was linear
Introduction
The prevalence of venous thromboembolism (VTE) in children is approximately 0.07-0.14 events per 10 000 children, and has increased in recent years [1] [2] [3] . The current standard of care for VTE in pediatric patients is unfractionated heparin (UFH) or low molecular weight heparin (LMWH) followed by LMWH, or treatment with a vitamin K antagonist (VKA) [4] [5] [6] . However, each of these treatment options has limitations: UFH and LMWH require parenteral administration, and may lead to heparin-induced thrombocytopenia and osteopenia; and VKA has a narrow therapeutic index, requires frequent International Normalized Ratio (INR) monitoring, and is associated with multiple food and drug interactions [4, 6] . The direct thrombin inhibitor dabigatran, which is orally administered as the prodrug dabigatran etexilate (DE), warrants consideration as an alternative agent, as it has been shown to be effective for the treatment of VTE in adults, and may overcome some of the limitations associated with current treatments [7] [8] [9] .
The treatments currently recommended for children with VTE are based on extrapolation of data obtained from trials in adults. There are significant differences in the etiology of VTE between adults and children, but, once VTE has occurred, the types of treatment required follow a similar management approach. However, there are differences between adults and children in terms of developmental physiology and pharmacology; therefore, trials to evaluate the pharmacokinetics, pharmacodynamics, and safety of DE in children are required [5, 10] .
Dabigatran is predominantly excreted via the urine [11] , so dosing according to renal function may lead to comparable exposure between adults and pediatric patients [12] . To date, the data on dabigatran in pediatric plasma in vitro and in pediatric patients are similar to those seen in adults (e.g. pharmacokinetics and the relationship between pharmacokinetics and pharmacodynamics in children; and safety results in adolescent patients) [13, 14] . The planned pediatric clinical trial program for DE has adopted a comprehensive and considered stepwise approach to safety, in order to minimize potential exposure in this vulnerable patient group. First, the safety and tolerability of DE were confirmed in adolescents aged 12-18 years [14] , and its use was subsequently evaluated in younger children aged 2-12 years and 1-2 years, and finally in infants and neonates (aged 0 to < 1 year) [15] .
Objective
The objective of the current study was to assess pharmacokinetic (PK) and pharmacodynamic (PD) data, and to evaluate the preliminary tolerability and safety of an oral liquid formulation (OLF) of DE in pediatric patients with VTE aged 2 to < 12 years and 1 to < 2 years.
Methods
This was an open-label, multinational, multicenter, nonrandomized, uncontrolled, single-arm study. The target population comprised patients (male or female) aged between 1 year and < 12 years, with an objective diagnosis of VTE, who had completed planned treatment with LMWH or the oral anticoagulant VKA for VTE. The end of planned treatment was defined as no further need for anticoagulant therapy. Patients should have been off standard therapy for long enough for the INR and activated partial thromboplastin time (APTT) to be within normal limits. Full inclusion and exclusion criteria are shown in Table 1 .
According to the initial protocol, at least eight patients would be enrolled in each age group. However, the sample size in the younger age group was amended to at least four patients, in agreement with the Paediatric Committee of the European Medicines Agency (EMA) in the European Paediatric Investigation Plan. The sample size was not based on a power calculation, as eight patients per age group is generally considered to be sufficient for exploratory evaluations, including an assessment of whether the observed pharmacokinetics are sufficiently described by the model-predicted pharmacokinetics. The sample size could have been extended if this was deemed to be necessary.
All patients in the study received the DE OLF for a minimum of 5 days after and within 1 month of the last dose of standard therapy; there was no control group. Originally, patients were to receive weight-adjusted doses of DE twice daily for 3 days. However, following protocol amendment, patients were to receive a single dose on day 1. This change was in line with EMA and US Food and Drug Administration guidance, which states that, for drugs with linear pharmacokinetics in adults, single-dose studies in the pediatric population often allow sufficient PK assessment [16] . Single dosing also minimized patient exposure to study medication. Under the amended protocol, single doses were calculated by use of a nomogram based on Hayton's formula, which scales adult doses down according to a child's expected renal function, based on their weight and age [12] ; age-adjusted and weight-adjusted doses were estimated to yield an exposure equivalent to a dose of 150 mg twice daily in adult patients. In the multiple-dose group, patients were dosed according to a weight-based dosing method only.
A dose conversion factor of 0.646 was applied to the calculated capsule dose to correct for dosing with the OLF. The conversion factor was based on results from a relative bioavailability study (NCT02171611), which showed that a single dose of the OLF resulted in 55% higher exposure than that obtained with capsules. There was a 30-day follow-up. Assessments made during the study are shown in Table S1 .
The study was conducted in accordance with the Declaration of Helsinki [17] and International Conference on Harmonisation Good Clinical Practice guidelines [18] , following approval by institutional review boards/independent ethics committees of participating centers and the competent authority.
Data monitoring committee
Safety and tolerability were monitored by an independent data monitoring committee (DMC), which was composed of three independent members (all experts in the field of pediatric hematology). The DMC reviewed data on an ongoing basis after every three patients and after the last patient in each group had completed treatment. Patients were enrolled in two age groups: 2 to < 12 years and 1 to < 2 years, sequentially. Recruitment to the younger group commenced following the DMC assessment of safety data from the older age group. On the basis of the monitored safety data, the DMC advised on whether the trial should continue as planned, be modified, or be discontinued.
Study endpoints
As specified in the Statistical Analysis Plan, the primary analyses of PK/PD endpoints were limited to the singledose cohort; descriptive PK/PD data from the multipledose cohort are reported.
PK endpoints The primary PK endpoints were the plasma concentrations of total and free dabigatran, unchanged DE, and the intermediate metabolites BIBR 951 BS and BIBR 1087 SE. The planned times for PK sample collection were 1, 2, 4, 6, and 10 h postdose in the single-dose group. To determine the similarity with adult data, geometric mean (gMean) concentrations at 10 h after a single dose of DE in the pediatric patients were extrapolated to steady-state trough conditions. In order to project the steady-state dabigatran plasma concentration, an accumulation ratio was calculated on the basis of the dosing interval and the assumed terminal half-life (t 1/2 ).
PD endpoints
The primary PD endpoints were central measurements of APTT, ecarin clotting time (ECT) and dilute thrombin time (dTT) at 2 h and 10 h after intake of study medication. The PK-PD relationship was evaluated by the use of total dabigatran concentrations and the PD values APTT, ECT, and dTT (including the values of predose samples).
Safety endpoints Preliminary safety data for the DE OLF were collected. The primary safety endpoints of the study were the incidence of all bleeding events (major, minor, and clinically relevant non-major) [19] and the incidence of all adverse events (AEs). AEs were classified according to screening, on-treatment, post-treatment and post-study periods. AEs that occurred before intake of study medication were assigned to screening. The ontreatment period included AEs that occurred after the first dose until 3 days after the last treatment in the multiple-dosing group, and AEs that occurred during 48 h after study medication in the single-dose group; the ontreatment period also included AEs that began before treatment but worsened in intensity during treatment.
AEs that occurred after the on-treatment period, up until (and including) visit 3 (follow-up period, which was scheduled 30 days [AE 7 days] after intake of study medication) were assigned to the post-treatment period; the post-study period began after visit 3. Secondary safety endpoints were changes in laboratory and clinical parameters, and global assessment of the tolerability of study medication, which was provided by the investigator using a five-point scale (good, satisfactory, not satisfactory, bad, or not assessable) immediately after the patient had taken the study medication. As part of the global assessment of tolerability, patients who were old enough were asked to assess the taste of the study medication (very good, good, satisfactory, bad, or very bad) and describe the taste itself (bitter, sweet, salty, sour, or other). Other endpoints included the occurrence of clinical outcomes, including recurrent thrombosis, postthrombotic syndrome, pulmonary embolism, and total and VTE-related mortality.
Bioanalytic methods
Concentrations of total dabigatran, free dabigatran, DE, and intermediate metabolites were analyzed with validated HPLC-tandem mass spectrometry methods at Nuvisan GmbH, Neu-Ulm, Germany [14] . Analysis of APTT, ECT and dTT was performed at Menal GmbH, Emmendingen, Germany. Clotting times were determined with an MC 10 PLUS coagulometer (ABW Medizin und Technik, Lemgo, Germany) [14] . The coefficient of variation (CV), which is a measure of assay imprecision, was ≤ 6.1% for all coagulation parameters.
Samples were thawed at % 37°C in a waterbath, centrifuged for 3 min at 1000 9 g, and mixed well before the coagulation assays were performed.
dTT The plasma sample was diluted 1 : 8 with 0.9% isotonic sodium chloride solution. Fifty microliters of the diluted study sample and then 100 lL of R1 (normal pooled plasma) were pipetted into a cuvette, and the mixture was incubated for 2 min at 37°C, before 100 lL of R2 (human calcium thrombin) was added; the time lag between the addition of R2 and clot formation determined the dTT.
APTT Fifty microliters of study sample and 50 lL of kaolin/cephalin reagent were pipetted into a cuvette, and incubated for 3 min at 37°C, after which 50 lL of 0.025 M CaCl 2 was added; the time lag between the addition of CaCl 2 and clot formation determined the APTT.
ECT Seventy-five microliters of study sample and then 75 lL of imidazole/veronal buffer (one part imidazole buffer plus 0.77 parts veronal buffer) were pipetted into a cuvette. The mixture was incubated for 2 min at 37°C, and then 75 lL of ecarin (6 IU mL À1 ) was added; the time lag between the addition of ecarin and clot formation determined the ECT.
Data analysis
Descriptive statistical methods were applied to safety, PK, PD and clinical endpoints. For PK endpoints, the maximum concentration (C max ), time from dosing to the maximum concentration (t max ) and area under the concentration-time curve from time interval 0 up to the last quantifiable data point (AUC 0-tz ) were calculated and presented as gMean and geometric CV (gCV), or median and range. A linear regression model and a non-linear maximum effect model were used for analysis of the PK-PD relationship. The safety analysis was based on all patients who received at least one dose of the DE OLF. The PK, PD and PK/PD analysis included all treated patients who provided at least one PK/PD observation and had no relevant protocol violations.
Results
A total of 20 pediatric patients were enrolled (Fig. 1) . However, one patient did not have an objective diagnosis at screening, and a second patient had hepatic disease reported at visit 2. Therefore, 18 patients entered the study, which was conducted at seven active centers in six countries. All participants completed the planned observation time; there were no discontinuations. Three patients received multiple doses of the DE OLF (twice daily for 3 days). Six patients aged 1 to < 2 years and nine patients aged 2 to < 12 years were treated with a single dose of the DE OLF. There were more male than female patients (61% versus 39%). The mean ages were 17.3 months (standard deviation [SD] 4.0 months) in the group aged 1 to < 2 years, and 5.2 years (SD 2.6 years) in the single-dose group aged 2 to < 12 years. Additional baseline characteristics are shown in Table 2 ; those for the three patients who received multiple doses before the protocol was amended are shown in Table S2 . All 18 patients were included in the treated and PK sets.
PK results
Patients aged 1 to < 2 years In the single-dose group of patients aged 1 to < 2 years, the results for total dabigatran plasma concentration were as follows: gMean C max , 129 ng mL À1 ; concentration 10 h postdose (C 10 ), 34.8 ng mL À1 ; and AUC 0-tz , 715 ng mL À1 h À1 . The gCVs were 9.84%, 41.4%, and 22.5%, respectively (Table 3 ; Fig. 2 ). Free dabigatran concentrations were approximately 10-15% lower than total dabigatran concentrations (Table S3) .
Patients aged 2 to < 12 years In the single-dose group of patients aged 2 to < 12 years, gMean C max , C 10 and AUC 0-tz were 116 ng mL À1 , 28.2 ng mL À1 , and 658 ng mL À1 h
À1
, respectively, for total dabigatran plasma concentration, with gCVs of 38.6%, 37%, and 32.5% (Table 3 ; Fig. 2 ). Free dabigatran PK parameters are shown in Table S3 . The projected steady-state dabigatran trough concentrations in the current study were largely comparable to those seen in adult patients in the RE-COVER trial; that is, they fell between the first and third quartiles of the adult RE-COVER concentrations (Table 4) [7] .
PK results for the three patients who received multiple doses of the DE OLF are shown in Table S4 .
In all treated patients, plasma concentrations of unchanged dabigatran and the intermediate metabolites were low or undetectable.
PD results
For both single-dosing age groups, the mean coagulation times for APTT, dTT and ECT were prolonged at 2 h postdose and then fell towards baseline values at 10 h (Table 5 ). Owing to a very limited amount of evaluable data from the multiple-dose group, PD data were not included in the PD analysis.
PK-PD relationship
For the single-dose group, linear PK-PD relationships were observed for dTT and ECT, as shown by R values close to 1 and slope parameters that were significantly different from zero (Fig. 3B, C) . For ECT (1 to < 2 years), ECT (2 to < 12 years), dTT (1 to < 2 years), and dTT (2 to < 12 years), slope and R 2 estimates, respectively, were: 0.322 s mL ng ) with R 2 = 0.859. As the PK-PD relationship for APTT is known to be non-linear in adults, non-linear regression lines were fitted to the concentration-APTT data (Fig. 3A) . Other than the baseline parameter, parameter estimates were not significantly different from zero. Age did not appear to affect the PK-PD relationship when analyzed by linear regression with age as a covariate.
Preliminary safety results
AEs during screening were reported in three patients (17%), all in the single-dose groups: one patient in the group aged 1 to < 2 years had mild respiratory tract infection, one patient aged 2 years had nasopharyngitis and ear pain, both of which were mild in intensity, and one patient aged 7 years had mild back pain. All three patients recovered. One patient (6%) aged 6 years in the multiple-dose group experienced leukopenia and dizziness during the on-treatment period. The patient recovered from both of these AEs, which were mild and considered to be unrelated to the study drug. max , maximum concentration; gCV, geometric coefficient of variation; gMean, geometric mean; IQR, interquartile range; t max , time from dosing to maximum concentration. *Median and range (minimum-maximum) are given for t max rather than gMean and gCV. BMI, body mass index; eGFR, estimated glomerular filtration rate; LMWH, low molecular weight heparin; SD, standard deviation; UFH, unfractionated heparin; VKA, vitamin K antagonist; VTE, venous thromboembolism. All demographic information was recorded at visit 1 (screening), except for age (years), which was based on the time of the study drug intake. *Patients could have more than one type of VTE or be receiving more than one anticoagulant prior to the study drug.
No AEs occurred during the post-treatment or poststudy periods, and there were no deaths, AEs leading to discontinuation, or serious, severe or drug-related AEs. There were no reports of bleeding events, recurrent VTE or post-thrombotic syndrome, and there were no clinically significant findings from laboratory analyses as compared with baseline.
Tolerability was 'good' in six patients (33%), 'satisfactory' in three (17%), 'not satisfactory' in six (33%), 'bad' in two (11%), and not assessable in one (6%). Taste, which was assessed only in the age groups aged 2 to < 12 years, was reported as 'satisfactory' by five patients (28%), 'bad' by two (11%), and 'very bad' by three (17%); no patient reported taste as 'good' or 'very good'. Data were missing for eight patients (44%). In addition, taste was described as 'bitter' by five patients (28%) and 'sour' by four (22%); no patients considered taste to be 'sweet or salty', one patient (6%) selected none of the above, and data were missing for eight patients (44%).
Discussion
The current study assessed the pharmacokinetics, pharmacodynamics, safety, and tolerability of the DE OLF in pediatric patients aged 1 to < 12 years, which is necessary to determine whether the results reflect those observed in the adult population. Projected steady-state dabigatran trough concentrations in the current study were largely comparable to those seen in adults with VTE. Projections were necessary, as steady-state concentrations (in adults) cannot be compared with single-dose conditions. To project the steady-state dabigatran plasma concentration, gMean concentrations at 10 h after dosing were extrapolated by use of an accumulation ratio based on t 1/2 and the dosing interval (for a twice-daily dosing regimen). As plasma samples were only collected up to 10 h postdose, an exact estimation of the true t 1/2 of dabigatran in children was not possible (a sampling time of 48 h is typically required for a reliable estimation of dabigatran half-life, which was not feasible in this pediatric population). On the basis of the plasma samples taken at 10 h postdose and data from younger adults, the t 1/2 of dabigatran in pediatric patients was assumed to be 5-10 h; estimation of the t 1/2 is a potential limitation associated with the projections.
In the current study, a dose conversion factor was used to correct for dosing with the OLF based on results from a relative bioavailability study (NCT02171611). However, the findings from a larger relative bioavailability trial (NCT02044367) using multiple doses subsequently showed a much smaller difference in exposure between the two formulations, so a conversion factor was not necessary. If no conversion factor had been applied in the current study, the gMean C 10 value of total dabigatran would have been higher in both pediatric age groups (the gMean C 10 value shown in Table 3 was divided by 0.646 before extrapolation to the steady-state trough concentration, as described in the footnote of Table 4 ). No conversion factor will be applied to dosing nomograms in future pediatric studies. Table 5 Pharmacodynamic results for a single dose, for patients aged 1 to < 2 years and 2 to < 12 years APTT, activated partial thromboplastin time; CV, coefficient of variation; dTT, dilute thrombin time; E 2 , effect 2 h postdose; E 10 , effect at 10 h postdose; E base , baseline effect; ECT, ecarin clotting time. Total dabigatran plasma concentration (ng mL -1 ) 0 Fig. 3 . PK-PD relationships. Relationships between total dabigatran plasma concentration and (A) activated partial thromboplastin time (APTT) (B) dilute thrombin time (dTT) and (C) ecarin clotting time (ECT) in patients aged 1 to < 2 years and 2 to < 12 years. In (A), samples from two patients at -2 h (pre-dose) and two patients at 10 h were excluded, and in (C) samples from one patient at -2 h (predose) and two patients at 10 h were excluded.
The results of the current study show that there was a linear PK-PD relationship for dTT and ECT, similar to that seen in adults and adolescents with VTE. The PK-PD relationship for APTT was non-linear, as observed in the adult population.
The results of the taste assessment were mixed, with 11% and 17% of patients rating the taste as 'bad' or 'very bad', respectively. However, the tolerability and preliminary safety profiles were otherwise favorable. In addition to the OLF, a pellet formulation of DE is under development, and this will also be subject to acceptability and taste assessments. Currently, no specific pediatric formulations of antithrombotic drugs are available, but they are under development. Therefore, a palatable pediatric formulation such as the OLF or a pellet formulation would provide a much needed alternative for children who have difficulties with injections or swallowing capsules.
The study has certain limitations, including the reliance on projected steady-state dabigatran concentrations. Another limitation is the population size, which is small relative to the broad age range of the eligible population from a safety perspective. However, for a PK analysis, which is the focus of the study, the sample size was considered to be sufficient. There was a lack of evaluable data from the multiple-dose group (only three patients). In addition, the three patients in the multiple-dose group were dosed according to a weight-based nomogram, which was replaced with an age-based and weight-based nomogram in the single-dose groups and in subsequent pediatric studies. Given the limited study power, the safety confidence limits are too wide to conclude that dabigatran is safe in children. Indeed, the safety and efficacy of DE in pediatric patients are currently being evaluated in additional clinical studies.
In summary, the results of the current study support further evaluation of DE in pediatric patients with VTE, and provide support for the dosing regimen in the ongoing phase IIb/III studies. DE may provide a new treatment option in this patient population, overcoming the limitations associated with current treatments.
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